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Abstract—In this paper, we propose a bio-inspired receiver,
which detects the electrons transmitted through a nanowire,
then, it converts the detected information into a blue light using
bioluminescence. Using light allows the designed receiver to also
act as a relay for the nearest gateway (photo-detector). We
simulate the construction of the nanowire, present its electrical
characteristics and calculate its maximum throughput for a better
design of the receiver. The designed receiver contains two parts,
a part that detects the transmitted electrons, which we model by
using an equivalent circuit, and a part that converts the detected
electrons into a blue light. We derive the analytical expressions of
the equivalent circuit’s components, and we calculate the emitted
photons for each electrical pulse detected. We also propose
modulation techniques that guaranty an effective decoding of
the information. We send a binary message and we follow the
electron detection process of the proposed receiver until light
emission and we calculate the Bit Error Rate (BER) to evaluate
the performance of the designed receiver. The results of this
study show that the designed receiver can accurately detect the
electrons sent through a conductive nanowire in wired nano-
communication networks, and that it can also act as a relay for
the nearest gateway.
Index Terms—Wired, Nano-Communication, Bioluminescence,
Receiver, Aequorin, Calcium, Throughput, Modulation.
I. INTRODUCTION
NANOTECHNOLOGY has become a key area of researchin multidisciplinary fields, and its rapid and impressive
advance has led to new applications in biomedical and military
industries. It turned out that nanomachines need a cooperative
behavior to overcome their limited-processing capacities in
order to achieve a common objective. Exploiting the poten-
tial advantages of nano-communication networks between the
nanomachines drove the researchers to come up with new
solutions to create systems that communicate at nanoscale.
Three methods are proposed in literature, wireless electromag-
netic method using THz band [1]–[4], bio-inspired wireless
molecular communication using molecules [5]–[13] and wired
nano-communication method using polymers [14].
However, on the one hand, THz band suffers from a very
high path loss, mainly caused by water molecules absorption,
which complicates its use in medical applications inside the
human body [2]–[4]. On the other hand, molecular communi-
cation biocompatibility makes it very promising for medical
applications at nanoscale, such as monitoring, diagnosis and
local drug delivery [5]. Nevertheless, the achievable through-
put of molecular communication systems is very limited
and the delay is very high due to the random distribution
of molecules in the medium [6]–[9]. Moreover, molecular
communication systems suffer from intersymbol interference,
despite the proposed techniques in literature to reduce it [10]–
[13], [15].
Wired nano-communication is a new proposed method that
uses the self-assembly ability of some polymers inside living
cells to build an electrically conductive nanowire [14]. This
method has the biocompatibility of molecular communication,
but also, it has a very high achievable throughput since
fast electrons are the carriers of information. One of the
main challenges of the wired nano-communication system
is detecting the electrons at the receiver without losing its
biocompatibility. The proposed receivers in the literature for
molecular communication are designed to observe or absorb
molecules in the medium [16]–[19], and thus, they cannot be
used to detect electrons for wired nano-communication.
In our recent works [14], [20], we proposed the idea of
a receiver for a wired nano-communication system without
studying or evaluating it. In this paper, we present the detailed
system model of the proposed receiver, and we evaluate
its performance. The proposed receiver contains a Smooth
Endoplasmic Reticulum (SER), which plays the role of Ca2+
storage inside living cells [21]. The receiver also contains a
recyclable concentration of a photo-protein Aequorin, which
can be found in the jellyfish Aequorea Victoria that lives
in North America and the Pacific Ocean [22]. The electron
detection at nanoscale is extremely difficult due to the quantum
trade-off between information and uncertainty. Therefore, the
designed receiver uses the transmitted electrons to stimulate
SER and trigger a chemical reaction that generates a bio-
luminescent light by using the photo-protein Aequorin, as
shown in Fig. 1. In order to study SER stimulation with the
transmitted electrons, we simulated the conductive nanowire
used in wired nano-communication systems, we presented
its electrical characteristics and we calculated its maximum
throughput. Bioluminescence is a chemical reaction used by
living organisms to generate light with enzymes and photo-
proteins. Converting the transmitted electron pulses into light
pulses at the receiver makes the extraction of information
easier and can create a link between nanoscale and macroscale
communication systems.
The rest of the paper is organized as follows. In section
II, we present and explain the 2 algorithms used in our
framework to simulate the nanowires assembly in a stochastic
3D system. We also present the electrical characteristics of the
nanowire and we calculate its maximum throughput and the
error probability. Section III highlights an in-depth description
of the designed receiver, by clarifying the SER role in electron
detection, and by explaining the triggered chemical reaction
that emits a blue light. In section IV, we model the designed
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2receiver by using an equivalent circuit, where SER and its
membrane represent a capacitor and the sum of Ca+2 channels
represent a resistance linked in parallel. We derive the analyt-
ical expression of the circuit components and we calculate
the emitted photons for each electron pulse detected. We also
calculate the Bit Error Rate (BER) of the designed receiver. In
section V, we propose modulation techniques that guaranty an
effective decoding of the detected information at the designed
receiver. Section VI discusses the numerical results of this
study, by following the detection process of a random binary
message at the receiver until its conversion into a blue light. It
also presents the results of BER to evaluate the performance
of the designed receiver. We conclude the paper in section VII.
II. SIMULATION FRAMEWORK
GlowScript VPython is an easy and efficient way to create
3D environments for real time simulations. Our framework
applies GlowScript as a browser-based implementation that
runs a VPython program by using RapydScript, which is a
Python-to-JavaScript compiler. In this study, we simulate the
self-assembly of a polymer called ”actin” to create a nanowire
in real time, by using sphere molecules that diffuse randomly
in a 3D cube as shown in Fig. 2. By using this framework, we
can follow the position of the last assembled molecule in real
time to study the speed of the nanowire’s construction as the
graph in Fig. 3 exhibits. In the next subsections, we present
and explain the two algorithms that we used in our framework.
A. Collision Between Actin Molecules
The algorithm 1 is a combination of two strategies, Periodic
Interference Test (PIT) and a Predicted Instant of Collision
(PIC). The (PIT) consists of checking to detect if any collision
has occurred between two molecules, at every frame in the
simulation. It tests if the molecules are approaching each
other, and whether they interfere spatially. When a collision
is detected, the algorithm computes the new velocities after
the shock using the momentum and energy conservation
equations; and then attributes the new velocity to the moving
molecules after the collision. If the simulation detects no
collision in that frame, it continues to the next one. The
PIC, on the other hand, pre-calculates the exact time of
collisions before spatial interactions between the molecules.
The difference between PIT and PIC approaches is that the
later perfectly models the collisions, at the cost of some extra
computation, compared to the PIT approach, which is a lazy
collision detection strategy. In our algorithm 1, we used a
combination of the two approaches to perfectly detect and
model the collisions in real time.
B. Nanowire Formation
If a random molecule in the environment strikes the last
molecule of the constructed nanowire, it will attach to it
increasing the length of the nanowire. Several conditions are
necessary for the molecules to stick in the nanowire, namely:
• One of the molecules having a collision is already stick-
ing in the nanowire.
Fig. 1. The designed receiver for wired nano-communication networks.
Algorithm 1 Periodic Interference Test
1: procedure PITC( MOLECULE A, MOLECULE B ):
2: At every frame instant t:
3: Test if the two molecules are approaching each other.
4: if YES then
5: Test if they overlap (interfere) spatially.
6: if YES then
7: Collision detected.
8: Compute New Velocities.
9: T:= time of collision between A and B.
10: if T < next frame instant: then
11: Move frame to intermediate instant T.
12: Calculate velocities after collision.
13: end if
14: else
15: No collision detected.
16: end if
17: Goto next frame instant.
18: else:
19: Goto next frame instant.
20: end if
21: end procedure
• The center of the striking molecule lies within a specified
angle range from the center of the last attached molecule.
• The center of the next molecule being attached should
be farther away from the transmitter and closer to the
receiver, so that the nanowire is moving towards the
receiver and not towards any random path.
To make the molecules stick, we give their momentum a
zero value, and we do not update their position with time.
The algorithm 2 also regulates the direction of the nanowire
formation. The direction is controlled by the magnetic field.
If the magnetic field is zero, then there is no guide for the
direction, and the nanowire forms randomly. As the magnetic
field increases, the nanowire gets more and more aligned to
the straight line joining the transmitter and the receiver, as
confirmed by the experimental results in [23].
3Fig. 2. Actin-based nanowire formation represented by small black spheres,
which link the transmitter to the receiver (cyan spheres).
Algorithm 2 Nanowire Formation
1: molecule array = [Transmitter]
2: if collision.detected = True then
3: if collision occurs with last(molecule array) &&
last(molecule array) != Receiver then
4: M ← molecule hitting the wire
5: if Magnetic Field = 0 then
6: Randomly attach M to last(molecule array)
7: molecule array.append(M)
8: end if
9: if Magnetic Field != 0 then
10: if M.center.X > max(last(molecule array) .po-
sition) then
11: Z = function(magnetic field)
12: if M.center.Z < max(Z) then
13: M.momentum = 0 % Stick the two
molecules together
14: molecule array.append(M)
15: end if
16: end if
17: end if
18: end if
19: end if
C. Channel’s Electrical Characteristics
The authors in [24] and [25] studied the electrical impulses
and ionic waves propagating along actin filaments in both
intracellular and in vitro conditions, by modeling the actin
filament as an RLC equivalent circuit. The effective resistance,
inductance and capacitance for a 1µm actin filament are [25]:
Ceq = 0.02 × 10−12 F
Leq= 340 × 10−12 H
Req= 1.2 × 109Ω
The Fig. 5 represents actin nanowire’s electrical characteris-
Fig. 3. Position of the last assembled molecule as a function of time
representing the speed of the nanowire formation.
Fig. 4. Maximum throughput approximation of the actin nanowire.
tics simulated in our recent work [26], in terms of attenuation,
phase and delay as a function of the frequency and the distance
between the transmitter and the receiver. We can see that
the attenuation of actin filaments is very high because of
its resistance. The experimental study in [24] showed that
despite the actin filaments attenuation, the velocity of the
charges passing through it can reach 30,000µm/s and then
slows down rapidly in the first 60 µs. Moreover, the authors
in [27] proved experimentally that adding gold nanoparticles
to the actin monomers drastically decreases its attenuation.
D. Channel’s Maximum Throughput
The charge capacity of each actin monomer is ∼ 4e [25],
and by assuming 370 monomers/µs of an actin filament, we
can deduce that the charge capacity of an actin filament with
1 µm. long is approximately 1480e. By assuming that 1 e
represents 1 bit of information, the maximum throughput is
calculated by multiplying the total charge capacity of 1 µs
actin nanowire by the speed of the charges propagation through
it and we write [26]:
TM (t) = v(t)× ψtot. (1)
where TM (t) represents the nanowire achievable throughput,
v(t) is the charge’s propagation speed calculated in [24] and
ψtot is the total charge capacity of 1 µs actin nanowire.
Fig. 4 shows the maximum throughput approximation of the
proposed nanowire. The decrease of the achievable throughput
4Fig. 5. The electrical characteristics of actin nanowires in terms of attenuation, phase and delay as a function of the frequency and the channel distance.
over time is due to the high attenuation of the actin filaments.
However, despite this decrease, and to the best of our knowl-
edge, the throughout is still very high compared to molecular
communication results proposed in the literature so far.
E. Error Probability
The error probability of the proposed polymer-based chan-
nel for wired nano-communication systems can be written as:
Pe = p0P0 + p1P1, (2)
Where p0 = p1= 0.5 are the a priori probabilities, P0 is the
probability of error for a bit ’0’ and P1 is the probability
of error for a bit ’1’. The constant assembly and disassembly
of actin monomers to construct the actin nanowire generates a
noise, which we modeled as a normal distribution. The error is
more probable in bit ’0’ than in bit ’1’, because the assembly
of the nanowire is more frequent than the disassembly. So,
the distribution of bit ’1’ is skewed left compared to the
distribution of bit ’0’, which remains Gaussian and we write
[14]:
P0 =
1√
2pi
exp
(−x2
2
)
, (3)
P1 =
1√
2pi
exp
(−(x−A)2
2
)
erfc
(
x−A√
2
)
, (4)
Where A is the skewness coefficient of the distribution. By
substituting (3) and (4) in (2), we write the probability as:
Pe =
1
2
√
2pi
[
exp
(−(x−A)2
2
)
erfc
(
x−A√
2
)
+ exp
(−x2
2
)]
.
(5)
Since the distribution is negatively skewed, A is also nega-
tive. For a skew normal distribution for which the scale factor
is 1, the variance is given by 1− 2δ2pi , where δ = A√1+A2 .
III. RECEIVER DESIGN
From chlorophyll pigments in plants to the neural system in
human brains, biological systems always use chemical means
to detect and send electrons in the medium. Inspired by
muscle fiber contraction and relaxation process, we propose
in this paper a receiver design for wired nano-communication
networks, which uses SER to detect transmitted electrons
through a nanowire. To avoid the absorption of electrons by
the receiver’s surface, it can be constructed with a hybrid
phospholipid/alkanethiol bilayers membrane proposed in [28],
because of its insulating nature, in order to minimize the
loss of electrons at the receiver. The nucleation of monomers
that trigger the formation of the actin self-assembly can be
tethered at the bio-engineered membrane of the receiver by
using a polyethylene glycol (PEG) on one end and an electrode
on the other end [29]. The insertion of the monomer can
be spontaneous, electrochemical or with a proteoliposome
insertion as explained in [29] with details. When the assembled
nanowire reaches the receiver, it binds to one of the monomers
already anchored to the receiver’s membrane with electrodes,
which creates a passage of electrons through the insulating
membrane. As shown in Fig. 1, the designed receiver contains
SER that stocks Ca2+ ions and a photo-protein that emits a
blue light in the presence of Ca2+ ions. The emitted light is
detected by a photo-detector (gateway).
A. Electrons Detection
The Ca2+ ion distribution is used in one of the most
important biological signaling between living cells, among
other functions such as hormone regulation, muscles con-
traction and neurons excitation [30]. The concentration of
Ca2+ ions inside the cells must be regulated all the time
using a very complex system, where SER plays the role of
Ca2+ ions storage. The smooth endoplasmic reticulum, also
called sarcoplasmic reticulum in muscle cells, is a tubular
structure organelle found in most living cells. The capacity
of SER at stocking Ca2+ ions is huge because of a buffer
called calsequestrin that can bind to around 50 Ca2+, which
decreases the amount of free Ca2+ inside SER, and therefore,
more calcium can be stored [31]. When SER is stimulated
with an electrical stimulus, the calcium channels open and
Ca2+ ions get released so fast inside the cells as shown in
Fig. 6. The Ca2+ concentration is so small inside the cells
that a tiny increase in their concentration is detected.
The SER inside the designed receiver is linked to the
nanowire with an electrode so that the transmitted electrons
can stimulate the SER, which increases its membrane voltage
and open calcium channels. The number of opened calcium
channels, and thus, the released concentration of Ca2+ is pro-
portional to the intensity of the electrical current stimulating
the SER. A small electrical current in the order of picoampere
(pA) is sufficient to stimulate SER and release a micromole
(µM) of Ca2+ [32]. When the electrical current stops, calcium
channels close and the Ca2+ ions will be absorbed and
5stocked again inside the SER. The short-time presence of Ca2+
ions inside the receiver triggers the bioluminescent chemical
reaction, which emits a blue light.
B. Light Emission
Photo-proteins are priceless biochemical tools for a variety
of fields including drug discovery, protein dynamic studies and
gene expression analysis. Aequorin is a very important photo-
protein for biological studies because it helps researchers
measure and study the Ca2+ distribution in vivo. Upon binding
to Ca2+ ions, the oxidation of Aequorin molecule is triggered,
resulting in the emission of a bioluminescent blue light (470
nm). There are other photo-proteins in nature with different
wavelengths emissions such as Luciferin (530 nm) and some
chromophores (630 nm). However, unlike other biolumines-
cent reactions that involve the oxidation of an organic substrate
such as Luciferin and chromophores, adding molecular oxygen
is not required in Ca2+-dependent light emissions, because Ae-
quorin protein has oxygen bound to it [33]. Other advantages
of using Aequorin are that it does not involve any diffusible
organic factor, no direct participation of enzymes and that it
can be recycled after use [34]. Aequorin is extracted from the
jellyfish Aequorea Victoria that lives in North America and the
Pacific Ocean [22], and then purified in distilled water. This
photo-protein is very sensitive to changes in the concentration
of free Ca2+, which explains its extensive use as an indicator
of Ca2+ ions in biological studies. In the presence of a very
low concentration of Ca2+, the light intensity emitted by
Aequorin will be independent from Ca2+ concentration, the
bioluminescent reaction becomes Ca2+-dependent only when
the concentration exceeds 10−7 M.
The designed receiver uses the short-time presence of the
released Ca2+ ions to trigger the oxidation of Aequorin, which
emits a photon for each 3 Ca2+ ions bound, as shown in Fig.
7. This mechanism of emitting-light can trigger the release of
over 70 kcal of energy as a visible radiation through a single
transition [34]. In the next section, we model the electron
detector as an RC circuit, and we calculate the radiant energy
emitted from the bioluminescent reaction at each symbol
interval.
IV. RECEIVER MODEL
Cell membranes are biological structures that surround cells
and separate their interior from the external environment for
the protection and control of ion exchanges. The membrane
is constructed with phospholipid molecules, where the lipid
end is hydrophobic and the phosphate end is hydrophilic.
When lipid ends get together to form a double-layered sheet
and close the sphere, they create a spherical surface that
perfectly separates two volumes of liquid. However, a pure
phospholipid bilayer is an excellent insulator which does not
allow any ion exchange, thus, other pores penetrating the
membrane are necessary, allowing the ions to circulate inside
and outside the cell. These pores are called ion channels and
by controlling their opening and closing, the cell controls the
ions flow. Cell membranes have specific channels for each
ion type, and closing them creates a difference between the
Fig. 6. Ca2+ ions release by a Smooth Endoplasmic Reticulum (SER).
Fig. 7. Aequorin bioluminescent reaction that generates blue light in the
presence of Ca2+ ions.
ion’s concentration inside and outside the cell, which set up a
specific potential for each ion type.
Let’s consider Vi the reversal potential of ion species i,
which is the value of the membrane potential for which
the flux of ion species i is zero, and let’s consider Ri the
channel resistance, which is simply the inverse of channel’s
conductance. According to Ohm’s law, the ions flow across
the channel is proportional to the reversal potential, and the
proportionality factor is the channel conductance gi and we
can write:
Ii =
Vi
Ri
= giVi, (6)
where Ii is the current of ion species i that flows across
the membrane. The current flows until reaches an equilibrium
called the resting potential V0, which can be calculated as:
V0 =
∑
i giVi∑
i gi
, (7)
In our case, the membrane has only specific channels for
Ca2+ ions, therefore, gi becomes gCa and Vi becomes VCa.
The reversal potential VCa is calculated by using Nernst
equation as:
VCa =
kT
ze
ln
Pout
Pin
, (8)
where k is the Boltzmann constant, e is the electron charge, T
is the temperature in Kelvin, z is the valence of the Ca2+ ion,
6Pout and Pin are the probabilities of finding a Ca2+ ion outside
or inside the SER respectively. When the membrane is at rest,
VCa equals V0, however, when an external potential is applied,
VCa increases which opens the Ca2+ channels and discharges
SER from Ca2+ ions. When the excitation is passed, special
pores called pumps charges SER again with Ca2+ ions. The
charge and discharge of SER can be modeled as an equivalent
capacitance and the inverse of the channel conductance can be
modeled as an equivalent resistance in series with a voltage
source. Therefore, the SER and its membrane can be modeled
as an equivalent RC circuit as shown in Fig. 8.
A. The Capacitance
The SER membrane separates two conductive liquids that
contain free ions, so we have two conductors separated by an
insulator. The potential difference across the membrane that
separates a charge of a Ca2+ ion QCa defines a capacitance
CCa that can be written as:
CCa =
QCa
| ∆VCa | , (9)
Before calculating the potential difference ∆VCa by using
the Gauss’s law, we define the permittivity ε of the membrane
as ε = ε0εr, where εr is the relative permittivity. SER in
muscle cells is composed of tubule networks called cisternae,
which they have a diameter rSER = 50nm. The SER tubules
extend throughout muscle fiber filaments, so we assume that
the length of SER tubules used in our designed receiver is
l = 1µm. By assuming that the enclosed charge within SER’s
volume is QCa, then from Gauss’s law we can write the
electric field at a distance r as:
~ECa =
QCa
ε
(
1
2pilr
)
rˆ. (10)
where rˆ is the radial vector from the Ca2+ charge at the
origin of SER tubules to the surface of the membrane. The
potential difference between the inside and the outside of SER
membrane is therefore written as:
∆VCa = −
∫ rSER+δ
rSER
ECa.dr = −QCa
2pilr
ln
(
1 +
δ
rSER
)
, (11)
where δ is the thickness of the membrane. By substituting eq.
6 in eq. 4 we find:
CCa =
2pilr
ln
(
1 + δrSER
) . (12)
The membrane of SER does not need a high voltage
to separate charges because it is only two molecules thick
(δ = 6× 10−9m), thus, we expect the membrane capacitance
to be quite high per unit area. With the parameters given above,
we estimate that the capacitance is CCa ' 5× 10−6pF/µm2.
Unlike the conductance, the capacitance of biological mem-
branes is not influenced by the complexities of biological
systems, which makes it constant.
Fig. 8. The proposed equivalent RC circuit of SER’s membrane.
B. The Resistance
The pure phospholipid bilayer constructing the membrane is
an excellent electrical insulator with a very low conductance,
but the mosaic proteins that span the surface of the membrane
act as channels for ions and increase the conductance. The
Ca2+ current flowing through SER membrane depends on
the number of open channels by the applied external voltage.
Depending on the type and the age of SER, the number of
channels varies between 3.8 and 24.3 per µm2 area [35].
By taking into account the infinitesimal area of channels, we
consider the SER membrane as an infinite charged linear line
and by using Gauss’s law we can write the Ca2+ current ICa
of one channel as:
ICa = σ
∫
ECa.da = σ
λl
ε
, (13)
where σ is the conductivity of one Ca2+ channel and λ =
QCa/l. From eq. 1 we can calculate the resistance of Ca2+
channels RCa:
RCa =
VCa
ICa
, (14)
and by substituting eq. 6 and eq. 8 in eq. 9 we find:
RCa =
ln
(
1 + δrSER
)
2pinσl
. (15)
where n is the number of Ca2+ channels. RCa is the sum
of n variable resistances linked in parallel in our equivalent
circuit. The conductivity of a Ca2+ channel is estimated to
be σ = 0.5pS [36], and thus, the mean value of the variable
resistance in eq. 9 can be approximated to RCa ' 6.11MΩ.
The membrane resistance is highly variable because it is so
thin that a very small change in the voltage can create a strong
electric field within it.
C. Radiant Energy
The presence of Ca2+ ions near the photo-protein Aequorin
triggers a bioluminescent reaction that emits a blue light. We
assume that Ca2+ ions and Aequorin molecules have homoge-
nous distributions inside the receiver and that for each 3 Ca2+
7ions released outside SER, there is an Aequorin molecule that
binds to them and emits one photon. Radiant energy is an
electromagnetic energy carried by a stream of photons, thus,
the sum of photons emitted by the bioluminescent reaction
represents the radiant energy of the designed receiver. With the
assumptions we made above, we calculate the radiant energy
of the designed receiver for each symbol interval as follows:
Qe =
1
3
hc
λ
∫ T
0
p.c(t)dt, (16)
where h is the Planck constant, c is the speed of light, λ is
the photon wavelength. T is the symbol time, and p is the
probability for each Aequorin molecule to emit a photon. In
this paper, the concentration of the released Ca2+ ions for each
symbol interval c(t) is obtained numerically by using Simulink
in MATLAB, which represents the output of the capacitor in
the proposed equivalent circuit. An analytical expression for
the released Ca2+ ion concentration will be derived in our
future work.
V. MODULATION TECHNIQUES
The process of encoding information by varying one or
more properties of the carrier signal is called modulation.
A variety of modulation techniques have been proposed for
molecular communications networks by changing the con-
centration of molecules, molecules type or the time of the
molecules release [5].
The first proposed method is the Concentration Shift Keying
(CSK) where a bit is decoded at the receiver as ”1” if the
molecules concentration reaches a predefined threshold at a
symbol interval, otherwise it is a ”0” [37]. Molecular Shift
Keying (MoSK) is another modulation method proposed by the
same authors that uses 2n molecule types to transmit n bits of
information [37]. In [38], the authors proposed Pulse Position
Modulation (PPM) that encodes the information by changing
the time of molecules release. They divided the symbol interval
into two equal halves, and the receiver decodes the bit as
”1” if the pulse is in the first half, and as ”0” if the pulse
is in the second half. However, the modulation techniques
proposed for molecular communication cannot be used for
wired nano-communication networks, which they use electrons
as carriers of information instead of molecules. Therefore in
this paper, we propose a new modulation technique for wired
nano-communication networks that encodes the information
by changing the intensity of the bioluminescent light, the time
between two consecutive light emissions or a combination
between the intensity and the time changes. We call these
methods Bioluminescence Intensity Shift Keying (BISK), Bio-
luminescence Time Shif Keying (BTSK) and Bioluminescence
Asynchronous Shift Keying (BASK) consecutively.
A. Bioluminescence Intensity Shift Keying (BISK)
The total emitted light capacity of the designed receiver
is proportional to the released Ca2+ concentration and the
amount of recycled Aequorin for each symbol interval, which
is proportional to the pulsed electrical intensity transmitted
through the nanowire. Therefore, we can modulate the trans-
mitted information by varying the intensity of the biolumines-
cent light emitted at the receiver. The change in the intensity is
detected at the gateway, where an appropriate threshold is used
to correctly extract the information sent through the nanowire.
A bit is decoded as ”1” if the blue light intensity Qe in eq.
16 exceeds a threshold ξ, and as ”0” otherwise.
The proposed BISK modulation technique has the advan-
tage of reducing the Inter-Symbol Interference (ISI) which is
caused by the remaining molecules from a previous symbol.
Even if some Ca2+ ions remain in the medium causing the
emission of some photons, the intensity of light is still low,
and we just need a photo-detector with high resolution at the
gateway to eliminate the influence of ISI on the receiver.
B. Bioluminescence Time Shift Keying (BTSK)
As in PPM modulation technique proposed in [38], we can
divide our symbol interval into two equal halves. The bit is
decoded as ”1” if the bioluminescent light is detected in the
first half, and as ”0” if it is detected in the second half. This
method can be a little bit slower than BISK, because detecting
small changes in the light intensity is much faster than waiting
a hole symbol to decode one bit. However, BTSK can be more
efficient in terms of bit error rate, especially when the majority
of bits have the same value ”1” or ”0”.
C. Bioluminescence Asynchronous Shift Keying (BASK)
Another technique that we propose is a hybrid modulation
scheme based on a combination between BISK and BTSK.
This modulation technique is asynchronous, and it can achieve
a higher information rate than the intensity-based and time-
based approaches separately. By using 2k−1 threshold levels,
BASK can use k bits with 2k different values to represent
one symbol, which increases the number of bits per symbol
and thus increases the information rate. Then k = 2 when
we encode one bit in the intensity chance and another bit in
the time change. Therefore, by using the classical modulation
naming convention based on the number of bits per symbol,
BASK modulation technique can be called Quadruple BASK
(QBASK) when k = 2.
In this paper we focus on Bioluminescence Intensity Shift
Keying (BISK) modulation technique. The other two proposed
modulation techniques will be covered in our future work.
D. Bits Decoding
Since the emission of a bioluminescent light depends on
photo-proteins reacting with the Ca2+ ions released inside the
receiver which exhibit Brownian motion, a single photon has
a certain probability Pem of being emitted and detected at
the gateway. This probability p = Pem(r, tb) defined in eq.
16 depends on the number of the recycled photo-protein per
symbol interval r and the bit duration tb. Because of the huge
number of Ca2+ ions released by SER in each bit duration, we
can safely assume that each recycled photo-protein can react
with three Ca2+ ions at the same time. Thus, the reaction
explained in Fig. 7 is considered as a single event instead of
8three separate events, whether the photo-protein is activated
to emit a photon or not. We also assume that both Ca2+ ions
and photo-proteins are uniformly distributed inside the receiver
and that the bioluminescent reaction happens instantaneously.
Based on the assumptions discussed above, if c ions are
released in a symbol duration, the number of photons emitted
by reacting with these c ions is a random variable following
a binomial distribution:
C ∼ Binomial(c, Pem(r, tb)) (17)
The Binomial distribution can be approximated to a normal
distribution by Central Theorem Limit (CLT) [39]. When cp is
large enough and p is not closer to zero or one, the distribution
of the photons emission variable C can be written as:
Cn ∼ N (cp, cp(1− p)) (18)
We assume that the noise inside the designed receiver is
Additive Gaussian White Noise (AWGN). Therefore, the noise
is also a random variable that follows a normal distribution:
N ∼ N (0, σ2) (19)
and thus, the probability of detecting the bioluminescent light
emitted at the receiver can be found by adding the two normal
distributions. The probability of detecting a previous bit is
neglected in this paper by assuming that the photo-detector
used at the gateway has a high resolution.
By using the proposed BISK modulation technique, the
gateway decodes the detected bioluminescent light by compar-
ing the sum of the two normal distributions with a predefined
threshold value ξ. If the intended bit is ”0”, then the probability
of an incorrect decoding for the BISK modulation technique
are calculated as follows:
Pr =
1
3
hc
λ
P (Cn +N > ξ) (20)
and if the intended bit is ”1”:
Pr =
1
3
hc
λ
P (Cn +N < ξ) (21)
VI. PERFORMANCE EVALUATION AND NUMERICAL
RESULTS
To evaluate the performance of the designed receiver,
we used Simulink in MATLAB to simulate the proposed
equivalent circuit. The parameters we used in this study are
mentioned in the section above. The output at the capacitance
represents the released Ca2+ ion concentration by SER for
each bit interval. As shown in Fig. 9, the current sent through
the nanowire excites SERs membrane and increases its resting
potential (-75 mV) calculated in eq. 2 by 35 mV, which allows
the opening of Ca2+ channels. The output of the capacitance
increases rapidly to reach more than 7 µM of Ca2+ ions, then
when the excitation stops, SER starts absorbing the released
Ca2+ ions and the output decreases slowly until it vanishes
from the medium.
Fig. 9. Bioluminescence Intensity Shift Keying (BISK) modulation technique.
A. Number of Ca2+ Channels
In this study, we used the minimum possible channels
number per µm2 area in SER membrane, which is n = 4
channels. These 4 channels represent 4 resistances linked in
parallel in our proposed equivalent circuit. We simulated 4
cases where only one channel is opened, two, three and four
channels opened together and we plotted the current necessary
for each case along with the output of the equivalent circuit
as a function with time.
In Fig. 10, we can see that the number of open channels is
proportional to the intensity of the transmitted current through
the nanowire. We can also notice that only an intensity of 4
pA is needed to open the maximum number of channels we
used in this study. This is due to the fact that the membrane’s
thickness is so small (6 nm) that a tiny excitation can change
the voltage at the channels and open them. The sensitivity of
SERs membrane to the electric current is one of the reasons
why we use it to detect electrons in our designed receiver for
a wired nano-communication.
Fig. 11 shows the output results of the proposed equivalent
circuit in the 4 studied cases. We can notice that with 4 opened
channels, SER can release more than 20 µM of Ca2+ ions.
We can also notice that in the case where 4 channels are
9Fig. 10. The current necessary to open the Ca2+
channels.
Fig. 11. The released Ca2+ ion concentration for
each number of open channels.
Fig. 12. Radiant energy emitted by the biolumi-
nescent reaction for different inputs.
open, the signal decreased rapidly (1.5 µs) compared to the
case where only one channel is open (3 µs). With 4 opened
channels, the SER needs half the time that one channel needs
to absorb the released Ca2+ ions after the excitation is stopped,
which deceases the intersymbol interference between previous
and next bits. The released Ca2+ concentration by SER is
proportional to the intensity of the current sent through the
nanowire, which is used to demodulate the transmitted signal.
B. Radiant Energy
We used the simulated output of the equivalent circuit which
represents the concentration of the released Ca2+ ions for
each bit interval c(t) to calculate the bioluminescent radiant
energy by using eq. 11. We used different voltage intensities at
the input to show the proportionality between the transmitted
current through the nanowire and the light intensity emitted
by the receiver. Fig. 12 shows that the intensity of the blue
light emitted by the receiver can reach more than 10 MJ,
which is enough to be detected by the gateway. It also shows
that the intensity of light decreases rapidly when the medium
is emptied of Ca2+ ions, because without the presence of
Ca2+ ions, the bioluminescent light cannot be emitted, which
decreases the intersymbol interference.
Fig. 13 summarizes the performance of the designed re-
ceiver by following the electrons detection and the light emis-
sion processes. The figure shows a random binary message
that is detected by SER, where the bits ”1” open the channels
and release Ca2+ ions, which they combine with Aequorin
and emit a blue light. Bit ”0” keep the channels closed, SER
absorbs the Ca2+ ions from the medium and the light emission
stops. The results of this study show that light emission allows
the designed receiver to play the role of a relay between the
nanomachines and the gateway. This ability can be used as
a link between the nanoscale and macroscale in the in-body
technologies for medical applications.
C. Bit Error Rate
In order to evaluate the performance of the designed re-
ceiver, we calculate the Bit Error Rate (BER), which is the
bit errors number divided by the total transmitted bits during
the studied time interval. Fig. 14 shows the results of the
calculated BER as function of the detection threshold for the 4
studied cases. We notice that the case with 4 open channels has
Fig. 13. The response of the designed receiver to a random binary message.
the best results with BER of 10−5 for a threshold 16, because 4
channels absorb the released Ca2+ ions faster, which deceases
the intersymbol interference as we explained above. The fewer
opened channels at the membrane of SER the more bit errors
will be received, where 3 opened channels can reach BER of
10−2 for a threshold 17. The worst case is where only one
channel is opened with 0.8, which is explained by the fact
that one single channel will not be able to release and absorb
Ca2+ ions rabidly, which increases intersymbol interferences,
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Fig. 14. Bit error rate of the designed receiver as a function of the detection
threshold.
and thus, increases the BER.
VII. CONCLUSION
Using the ability of certain polymers to self-assemble in
order to build conductive nanowires between nanomachines
is a new method proposed for establishing wired nano-
communication systems. Despite the very high achievable
throughput of wired nano-communication systems due to the
use of electrons as information carriers, the detection of
electrons on the nanometric scale is very challenging. This
paper proposes a bio-inspired receiver design that uses Smooth
Endoplasmic Reticulum (SER) to detect the transmitted elec-
trons by measuring the released Ca2+ ions concentration with
the photo-protein Aequorin that emits a blue light in the
presence of Ca2+ ions. To better design the receiver, we
simulate the construction of the nanowire, present its electrical
characteristics and calculate its maximum throughput. We
modeled the dynamic of SER with an equivalent circuit, and
we derived the analytical expression of their components.
We calculated the radiant energy emitted in each symbol
interval, and we simulated the detection and light emission
processes of a random binary message. We also proposed
modulation techniques that guaranty an effective decoding of
the information and we calculated the BER of the designed
receiver to evaluate its performance. The results of this study
showed that the designed receiver is efficient for wired nano-
communication networks and that it can also play the role of
a relay for the nearest gateway.
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